Hypoxia is an essential feature of retinoblastoma and contributes to poor prognosis and resistance to conventional therapy. MicroRNAs (miRNAs) are small non-coding RNAs involved in a wide variety of biological processes, including cell differentiation, proliferation, death and metabolism. However, the relationship between hypoxia and the expression of miRNAs in retinoblastoma is not well understood. In this study, we aimed to analyze the pattern of miRNA expression in a retinoblastoma cell line under hypoxic conditions and to identify the miRNAs regulated by hypoxia, as well as their possible functions. miRNA expression profiling in retinoblastoma cells (HXO-RB44) under normal and hypoxic conditions was assessed by microarray techniques. The differentially expressed miRNAs were subjected to bioinformatic analyses to predict and categorise the key miRNAs and their target genes. A quantitative real-time RT-PCR approach was used to validate their expression. A Cell Counting kit was used to evaluate the functional significance of miR-181b in RB cell proliferation. There were 46 miRNAs that changed expression more than 2-fold in response to hypoxia (34 up-regulated and 12 down-regulated). We identified a cluster of miRNAs that includes miR-181b, miR-125a-3p, miR-30c-2, miR-497 and miR-491-3p as hypoxiaregulated miRNAs (HRMs) in retinoblastoma cells, of which miR-181b was the most typically differentially expressed miRNA under hypoxic conditions. Functionally, these HRMs are involved in apoptosis, cell adhesion, cell proliferation and mRNA processing, all processes that associate closely with the hypoxia response of cancer cells. Additionally, we found that administration of miR-181b inhibitor can suppress proliferation of retinoblastoma cells. These findings provide the first evidence that miRNAs play an important role in the hypoxia response of retinoblastoma cells. MiR-181b, the most typically up-regulated miRNA may aid in future clinical intervention of retinoblastoma.
Introduction
Retinoblastoma is the most frequent intraocular cancer of children in China (1). In developed countries, over 95% of patients with retinoblastoma survive their malignancy (2). However, the prognosis for advanced cases is quite poor and metastasis to distant organs remains the leading cause of death in retinoblastoma cases. Hypoxia is one of the prime stress conditions present in the neoplastic microenvironment, hypoxic regions have been observed in retinoblastomas larger than 3.28 mm in LHBETATAG mice. Hypoxia can induce the expression of hypoxia-inducible factor (HIF), vascular endothelial growth factor (VEGF), matrix metalloproteases (MMPs) and cyclooxygenase-2 (COX-2) which are involved in cell adaptation to low oxygen in retinoblastoma and other cancers and contribute to poor prognosis or metastasis (3-7). Therefore, hypoxia may be a novel therapeutic target for treatment of advanced retinoblastoma (8).
MicroRNAs (miRNAs) are small non-coding RNAs (about 22 nucleotides in length) that bind to target mRNAs and prevent their translation into proteins (9). MiRNAs play critical roles in the coordination of a wide variety of processes including cell differentiation, proliferation, death and metabolism (10, 11) . It is becoming clear that miRNAs correlates with the pathogenesis of cancers, influences the response of cancers to ionizing-radiation and chemotherapy (12, 13) . Several reports have indicated that hypoxia influenced miRNAs expression profiles in a variety of cancer cells. Furthermore, a subgroup of these hypoxia-regulated microRNAs (termed HRMs) is believed to be necessary for survival of cancer cells in a low-oxygen environment. However, the relationship between hypoxia and the expression of miRNAs in retinoblastoma is not well clarified. Identification of cellular miRNAs that are regulated by hypoxia would provide valuable insight into tumor develop ment as they may play a role in the hypoxia response of retino blastoma. In the present study, we investigated HRMs in a human retinoblastoma cell line and analyzed their functions through miRNA microarray technology and computational analyses.
Materials and methods
Cell culture and growth conditions. Human retinoblastoma cell line HXO-RB44 cells (14) (a kind gift from Professor Xu Heping, Zhongnan university, China) were cultured in RPMI-1640 medium (Gibco, New York, NY) supplemented with 10% fetal bovine serum (FBS; Gibco). Hypoxic conditions were maintained in an InVivo200 hypoxia workstation (Biotrace International, Ruskinn Life Sciences, uK) with a steady flow of a low-oxygen gas mixture (1% O 2 , 5% CO 2 , 94% N 2 ). Normoxic controls were propagated at 37˚C and 5% CO 2 . HXO-RB44 cells in the exponential phase of growth were plated in 6-well plates (5x10 6 cells per well) under hypoxic and normal conditions and incubated for 48 h.
MicroRNA microarray assay. Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. RNA was labeled and hybridized to microRNA microarray chips as follows: 5 µg of RNA from each sample was fluorescently labeled with the Hy3 or Hy5 dyes using miRCURY LNA™ Array Power Labeling kit (Cat no. 208032-A, Exiqon, Denmark). The kit provided a simple and fast 2-step protocol to label all miRNAs, including those from animals, plants and viruses. The labeled RNA molecules were then hybridized to the miRCURY LNA™ pre-spotted microarrays using the miRCURY LNA™ Array microarray kit (v.11.0-human,mouse & rat, Exiqon, Denmark). The miRCURY LNA™ microRNA Arrays consisted of control probes, mismatch probes, and 1769 capture probes complementary to human, mouse, rat and their related viral sequences from the v.11.0 release of miRBase. The array also contained a number of proprietary human miRPlus™ sequences that are not yet in miRBase. All probes on the chip were quadruple spotted. After hybridization, signals were detected with a Genepix 4000B scanner (Molecular Devices, Downingtown, PA, USA). Images were quantified by a Genepix Pro 6.0 apparatus (Molecular Devices).
Analysis of microarray data. The raw data were normalized and analyzed. For each spot, the signal was corrected by subtracting background intensity (B) from foreground intensity (F) on the chip, yielding a verified signal value = F -B. Those spots with verified signal values <50, as well as the control spots, were filtered. Median normalization was performed on the remaining spots to average of the results of the four spots for each microRNA. An n-fold-change tool was used to identify altered expression of specific microRNAs.
Gene ontology (GO) analysis.
GO analysis was performed to analyze the main functions of the putative target genes of the differentially expressed miRNAs based on the Gene Ontology database (http://www.geneontology.org/) (15). Fisher's exact test and the χ 2 test were used to classify the GO categories, and the false discovery rate (FDR) was used to correct the p-values. Enrichment provided a measure of the significance of the function: as the enrichment increases, the corresponding function is more specific. This approach aids in identifying those GO categories with more concrete functional descriptions that are represented in the experiment. Within the significant category (p<0.0005 and FDR<0.005 as a threshold), the enrichment Re was calculated using the equation: Re = (nf/n)/(Nf/N) where nf is the number of different genes within the particular category, n is the total number of genes within the category, and Nf and N represent the number of differentially expressed genes and total genes in the entire microarray, respectively.
MicroRNA-Gene-Network analysis. The relationship between the differentially expressed miRNAs and target genes were determined according to the interactions between miRNAs and genes in the Sanger MicroRNA database (http://microrna. sanger. ac.uk/targets/v5/) using the Matlab software (MathWorks, Inc., USA). The microRNA-Gene-Network was built by comparing the genes expressed especially in the eye, identified using the NCBI unigene database (http://www.ncbi.nlm.nih. gov/unigene) on the basis of tissue specificity, to the differentially expressed miRNAs. The center of the network was represented by degree, which is defined as the contribution of one miRNA to those genes around it.
MicroRNA-GO-Network analysis.
The microRNA-GO-Network was built according to the relationships between significant GO categories and genes and the relationships between microRNAs and genes. The center of this network was also represented by degree, revealing the control of miRNAs on GO categories.
TaqMan quantitative real-time PCR of miRNAs.
The miRNAs with high degree in the network were selected for verification by reverse transcript and quantitative PCR. The RT and PCR reactions were performed using the Hairpin-it™ miRNAs Real-Time PCR Quantitation Kit (GenePharma Co. Ltd., Shanghai, China) according to the manufacturer's protocol. We used 2 µg of total RNA in a 20-µl reaction for reverse transcript reaction, the reaction was carried out at the following conditions: 30 min at 16˚C, 30 min at 42˚C, 5 min at 85˚C, and then held on 4˚C. The real-time PCR reaction was conducted in a final reaction volume of 25 µl containing 2 µl of miRNA RT product, 1.0 µl of miRNA specific Primer set (10 µM), 0.2 µl Taq DNA poly-merase (5 u/µl) and 10 µl of 2X Master Mix. The PCR amplification protocol was 95˚C for 1 min followed by 40 cycles of 95˚C for 15 sec, 62˚C for 15 sec, 72˚C for 30 sec, and a 30-sec final extension at 37˚C. The primers used for Q-PCR amplification were shown in Table Ⅰ . The relative amounts of miRNAs were normalized against the 5S rRNA, the fold change was calculated using the 2 -∆∆Ct method and all experiments were performed in triplicate for each sample on a Rotogene 3000 real-time PCR system (Corbett Robotics, Australia).
Transfection of HXO-RB44 cells with MiR-181b inhibitor.
HXO-RB44 cells in exponential phase of growth were seeded in 96-well plates (6x10 3 /100 µl/per well). MiR-181b inhibitor and negative control (Ambion, Inc.) were transfected into the cells at a final oligonucleotide concentration of 3 pmol/well using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. The wells added same amount of transfection agents were set as blank. The medium was replaced by fresh culture solution 6 h later. Cells were incubated for 24 or 48 h in a hypoxia or normal workstation, respectively.
Cell proliferation assay. Cell viability was determined by a Cell Counting Kit (CCK-8, Dojindo Laboratories, Kumamoto, Japan). Added 10 µl of the CCK-8 solution to each well of the plates, then incubated the plates for 2 h in the incubator and measured the absorbance at 450 nm with a microplate reader. The rate of cell proliferation was calculated according to the following equation:
Statistical analysis. All experiments were performed in triplicate, and the data were expressed as mean ± SD (standard deviation), unless otherwise noted. The comparative CT method was applied in the quantitative real-time RT-PCR assay according to the ∆∆CT method. All statistical analyses were performed using the SPSS11.0 software. Analysis of variance (ANOVA) was used to analyze the difference between means with significance accepted as p<0.01.
Results

Differentially expressed microRNAs in the human retinoblastoma cell line HXO-RB44 under hypoxic conditions, as compared to normal conditions.
To explore the potential involvement of miRNAs in hypoxia response in retinoblastoma cells, we used a microarray-based screening method to evaluate differential expression of miRNAs after 48 h of hypoxia in retinoblastoma cells. Analysis of the microarray data demonstrated that 46 miRNAs were differentially expressed by at least 2-fold under hypoxic conditions. Of these differentially expressed miRNAs, 34 were up-regulated and 12 were downregulated (Fig. 1) .
Microarray-based bioinformatics analyses revealed key miRNAs and their functions regulated by hypoxia. To investigate the relationship between the differentially expressed miRNAs and their functions in the hypoxia response, we performed bioinformatics analyses. GO analysis revealed the primary functions of the putative target genes of the differentially expressed miRNAs. According to the threshold of significant GOs described in Materials and methods, the high-enrichment GO categories targeted by up-regulated miRNAs included oxidative phosphorylation, histidyl-tRNA aminoacylation, pentose-phosphate shunt and oxidative branch (see Fig. 2A for a complete list). Significant GO categories corresponding to down-regulated miRNAs included asparaginyl-tRNA aminoacylation, regulation of mitochondrial membrane potential and tricarboxylic acid cycle (see Fig. 2B for a complete list).
The microRNA-Gene-Networks (miRNA-mRNA regulatory network) generated based on the microarray results is shown in Fig. 3 . Among the up-regulated miRNAs, miR-181b, 647, 30c-2, 181d and 125a-3p were found to be key miRNAs with degrees of 62, 62, 61, 57 and 56, respectively (Fig. 3A) . Of the down-regulated miRNAs, miR-34c-3p, 220b, 524-5p, 491-3p and 497 were determined to be key miRNAs with degrees of 27, 24, 22, 17 and 15 respectively (Fig. 3B) . These findings suggested that these miRNAs might be pivotal for response to hypoxia. Thus, we considered these miRNAs as potential hypoxia-regulated miRNAs (HRMs) in retinoblastoma cells.
The microRNA-GO-Network analysis further revealed the functions of these HRMs. The major functions controlled by up-regulated HRMs were apoptosis, interspecies interaction between organisms, cell proliferation and cell adhesion with degrees of 27, 27, 26 and 25 respectively (Fig. 4A) . The functions regulated by down-regulated HRMs were interspecies interaction between organisms, apoptosis and multicellular organismal development with degrees of 10, 9 and 9, respectively (Fig. 4B) . 
Detection of miRNA expression by quantitative real-time RT-PCR.
To validate the microarray results, we chose eight potential HRMs (miR-181b, miR-125a-3p, let-7e, miR-497, miR-647, miR-30c-2, miR-181d and miR-491-3p) that displayed the highest degrees in the network for validation by quantitative real-time RT-PCR. Of these miRNAs, five were verified as significantly differentially expressed (p<0.01). The expression of miR-181b, miR-125a-3p and miR-30c-2 were up-regulated, while miR-497 and miR-491-3p were down-regulated, all of which are in agreement with the microarray results. However, the levels of miR-181d and let-7e showed no difference by PCR analysis while miR-647 showed the opposite expression pattern when compared to the microarray results (Fig. 5) .
Effects of miR-181b inhibitor on the proliferation of HXO-RB44 cells.
Since 'growth suppression' is one of the most important reactions of cells to hypoxia, we tested whether miR-181b, the most typically identified miRNA, can influence proliferation of RB cells. It showed that relative to control oligonucleotides, transfection of miR-181b inhibitor resulted in a significantly reduction of RB cells (Fig. 6) .
Discussion
Hypoxia is a feature of retinoblastoma and may induce cellular hypoxia responses that alter the properties of cancer cells. While specific genes such as HIF and VEGF are induced by low oxygen, the transcription or translation of others is significantly suppressed. Recently, the study of gene repression in response to hypoxia has received increasing interest. One hypothesis states that miRNAs may be a regulatory factor in the response of cancer cells to hypoxia. Though the general mechanisms underlying gene regulation in response to hypoxia are not well understood, several studies have identified a group of miRNAs In silico studies have revealed a complex spectrum of candidate target genes of these HRMs including genes involving in cell proliferation, apoptosis, DNA repair, metabolism and migration. Thus, we speculate that HRMs may play a role in gene expression response to hypoxia with important consequences for cancer progression and response to therapy.
Our study provides the first profile of differential expression of miRNAs in retinoblastoma cells under hypoxic conditions. We identified 46 miRNAs that changed expression more than 2-fold in response to hypoxia. Through a microRNAGene-Network analysis, based on microarray technology that revealed accessory relationships between differentially expressed miRNAs and their target genes, we identified 10 miRNAs (miR-181b, miR-647, miR-30c-2, miR-181d, miR-125a-3p, miR-34c-3p, miR-220b, miR-524-5p, miR-491-3p and miR-497) as potential HRMs in retinoblastoma cells. Because of the potential biases of microarrays, we used quantitative real-time RT-PCR, which is a platform detection for mature and precursor miRNAs to validate the microarray data. The expression patterns of miR-181b, miR-125a-3p, miR-30c-2, miR-497 and miR-491-3p were found to agree with the results of the microarray. Compared to a variety of HRMs that have been identified in other cancers, including miR-210,21,23a, 23b, 24, 26a, 26b, 27a, 30b, 93, 103, 106a, 107, 125b, 181a,181b, 181c, 192, 195 and 213 (16) , we find a limited overlap with our set of HRMs. However, these discrepancies were not necessarily surprising. Since miRNAs are often expressed in a tissuespecific and temporal manner, these differences are most likely related to the variability in the response to hypoxia of various cell-types, growth conditions (severity and duration of the hypoxic stress) or procedural aspects used in other studies (17) (18) (19) (20) . Our study provides a link between a tumor-specific stress factor (hypoxia) and gene expression control in retinoblastoma cells.
There were several reports about the miRNAs mentioned above. MiR-497 was already identified as a down-regulated miRNA in female breast cancer and multiple sclerosis patients (21, 22) . Further study attributed quite characterized tumorsuppressor function to miR-497 in peritoneal carcinoma (23). MiR-491-3P was thought to play a potential role in regulating meiotic recombination-and synapsis-related genes (24). (miR181b, miR-647, miR-30c-2, miR-181d, miR-125a-3p, miR-34c-3p, miR-220b, miR-524-5p, miR-491-3p and miR-497) displayed highest degrees in the network and were considered as potential hypoxia-regulated miRNAs. Red square nodes represent miRNAs, light blue nodes represent genes and straight lines describe the regulatory relationship between miRNAs and genes. 27, 27, 26 and 25, respectively; (B) shows the network for down-regulated miRNAs. The significant GO categories in this network are interspecies interaction between organisms, apoptosis and multicellular organismal development with degrees of 10, 9 and 9, respectively. Red square nodes represent miRNAs, light blue cycle nodes represent GO categories and straight lines indicate the control of miRNA on GO categories.
MiR-125a-3p was down-expressed in K-ras-mutated HBECs and NSCLC cell lines and may regulate cellular proliferation, angiogenesis and inflammation (Hazra et al, Cancer Prev Res 3: abs. 31, 2010) . Among the HRMs detected in our study, miR-181b was especially interesting. Not only did miR-181b display the highest degree in the network, but several studies have revealed that miR-181b has an intimate relationship with malignant tumors. Studies have demonstrated that miR-181b is highly expressed in acute lymphocytic leukemia (25) and colorectal cancer patients (26). Further, the expression level of miR-181b was found to be strongly associated with clinical response to S-1 in colon cancer patients (27). More importantly, in the cases where miR-181b has been identified as a HRM in colon cancer, breast cancer and nasopharyngeal carcinoma cells (CNE), the induction of miR-181b occurred via a HIF-dependent mechanism (18). Our study also demonstrated that miR-181b was induced by hypoxia in retinoblastoma cells, and miR-181b inhibitor suppressed the proliferation of retinoblastoma cells suggesting that miR-181b may play a positively regulated role on retinoblastoma growth under hypoxia condition. Unlike other cancers, retinoblastoma is a cancer of the nervous system that arises from neural progenitor cells. Abnormal expression of miR-181b has also been identified in the central nervous system disease schizophrenia (28), suggesting that miR-181b may be a brain-specific miRNA. These questions deserve further investigation to explore the functions and mechanisms of miR-181b in the genesis and development of retinoblastoma.
The response of cancer cells to hypoxia includes a series of physiologic processes such as apoptosis, angiogenesis, proliferation and DNA damage which influence cell growth, metastasis, invasion and the response to therapy of tumors. The microRNA-GO-Network analysis organized the genes targeted by HRMs in retinoblastoma cells into hierarchical categories based on biological process and revealed that the center GO categories were apoptosis, cell adhesion, cell proliferation and mRNA processing. These GO categories have been shown to associate closely with the response of cancer cells to hypoxia. These results suggest that the HRMs we identified are valid regulatory factors involved in hypoxia.
Our study represents the first attempt to conduct an analysis of the differential expression of miRNAs in a human retinoblastoma cell line under hypoxic conditions, to identify a cluster of specific HRMs in retinoblastoma and to explore their functions in the response of cancer cells to hypoxia. Although the concrete functions and downstream pathways affected by these HRMs require further study, we can speculate that these miRNAs may contribute to the variability in the cellular response to hypoxia. This speculation enhances our understanding of the mechanism of response to hypoxia and may provide new therapeutic targets for treatment of retinoblastoma. As gene regulators, HRMs have some distinct advantages as treatment targets compared to protein-coding genes. Since HRMs regulate expression at a post-transcriptional level, they do not require protein translation processes to function. This post-transcriptional regulation may be an advantage as translation is inhibited in response to low oxygen levels (29).
In conclusion, the HRMs identified in retinoblastoma cells in this study deserve further attention. We consider these findings quite significant, especially in the context of tumor development, metastasis and hypoxia response. We believe that these HRMs have the potential to be new targets for the treatment of retinoblastoma. The levels of the miRNAs with the highest degrees were measured using real-time PCR. Triplicate assays were performed for each sample and the relative level of each miRNA was normalized to the 5S rRNA. The data are presented as fold changes of miRNA levels after hypoxia, compared with normal conditions, which were set as 1. Data are expressed as the means ± SD. * p<0.01. Figure 6 . MiR-181b inhibitor inhibits proliferation of RB cells. Cell proliferation was measured by CCK-8. (A and B) showed RB cells proliferation rate 24 and 48 h after transfection respectively. Cell proliferation was suppressed by miR181b inhibitor 24 h after transfection, and the effects last until 48 h, compared with normal blank, which was set as 100%. * p<0.01.
